Aquaporins (AQPs) are proteins that facilitate the movement of water or other small solutes through membranes. Compared with other organisms, plants have a large number of AQP genes ( Gomes et al., 2009 ). In poplar, 56 AQP genes have been identifi ed ( Gupta and Sankararamakrishnan, 2009 ; Almeida-Rodriguez et al., 2010 ) . AQPs are classifi ed into several subfamilies, including plasma membrane intrinsic proteins (PIPs; further divided into PIP1 and PIP2 groups) and tonoplast intrinsic proteins (TIPs) .
Unraveling the function of individual AQP genes in different plant organs is an active area of research. Most studies on AQPs have focused on roots and leaves of herbaceous plants, while stems of trees have received less attention. Gene expression studies showed that AQP s are expressed in woody poplar stems (e.g., Secchi and Zwieniecki, 2010 ) , but to better understand the biological role of these genes, tissue and cellular level localization studies are required. Despite the putative importance of AQPs for radial water transport in stems, to our knowledge only one study has focused on localizing AQPs in the secondary xylem of stems ( Sakr et al., 2003 ) . In their study on walnut stems, PIP2 aquaporins were localized in paratracheal parenchyma cells, suggesting that PIP2s could play a role in water transport between these cells and adjacent vessels.
AQPs in woody stems may facilitate radial water exchange between phloem and xylem and are widely believed to play a role in xylem refi lling ( Nardini et al., 2011 ) . On the basis of these putative functions, we hypothesized that AQP s would be expressed in rays, although expression in ray cells may not be homogeneous. Ray cells that are connected with vessels through pits (contact cells) control the exchange of solutes and water between parenchyma and vessels ( Sauter et al., 1973 ; Evert, 2006 ) . Ray cells that have no contact with vessels (isolation cells) function as storage cells ( Evert, 2006 ) . Considering that it is primarily the contact cells that facilitate water exchange between the xylem sap and the symplastic continuum, we expected to fi nd stronger expression of AQP s in contact cells than in isolation cells.
AQPs in woody stems could also play a role in xylogenesis by increasing radial movement of water from xylem and phloem to the cambial region. In this region, water channels may help sustain rapid cell division and expansion of developing xylem and phloem cells. Developing vessel elements, in particular, undergo rapid expansion. Since this process is mainly driven by water uptake, expansion of tracheary elements may be facilitated by water channels ( Groover et al., 2010 ) .
A role of AQPs in xylogenesis is consistent with a recent study on hybrid poplar stems ( Hacke et al., 2010 ) . In that study, it was found that saplings receiving high nitrogen (N) fertilization (high N plants) exhibited enhanced secondary growth compared with plants receiving only adequate N fertilization. Infl uences of N on cambial activity were paralleled by changes
• Premise of the study: Aquaporins (AQPs) are channel proteins, and their function is mostly associated with transmembrane water transport. While aquaporin genes are known to be expressed in woody poplar stems, little is known about AQP expression at the cellular level. Localization of AQP expression to particular cell and tissue types is a necessary prerequisite in understanding the biological role of these genes.
• Methods: Subsets of plants were subjected to 6 wk of high nitrogen fertilization (high N plants) or to a controlled drought.
Experimental treatments affected cambial activity and wood anatomy. RNA in situ hybridization was used to characterize spatial expression of three AQP genes in stem cross sections. Another set of sections was stained with a standard safranin-fast green combination, which highlights nuclei and lignifi ed cell walls in red, and cytoplasm and cellulosic cell walls in blue. To assess the location of living cells in the cambial region and developing xylem, we stained sections with DAPI (4 ′ ,6-diamidino-2-phenylindole) and observed with an epifl uorescence microscope (DM3000). DAPI stains nuclear DNA in living fi bers and ray cells. mRNA in situ hybridization -Digoxigenin-labeled antisense and sense probes for PtPIP2;3 , PtPIP2;5 , and PtTIP2;1 (terminology follows Gupta and Sankararamakrishnan, 2009 ) were generated with a DIG RNA labeling kit (Roche Diagnostics) according to the manufacturer's protocol. Probes were 272, 346, and 349 bp for PIP2;5 , PIP2;3, and TIP2;1 , respectively. The probes were designed to target part of the 3 ′ -coding region and the 3 ′ -untranslated regions specifi c to each gene (Appendix S1, see Supplemental Data with the online version of this article). Templates were synthesized by in vitro transcription of PCR amplicons, cloned into pGEM T Easy vector (Promega, Madison, Wisconsin, USA) and sequenced to determine orientation (Appendix S2, see online Supplemental Data). Cross-sections of stem segments were dewaxed and rehydrated according to Brewer et al. (2006) . Sense probe hybridizations were used as controls. In situ hybridization was performed using an IsHyb In Situ Hybridization Kit (Biochain, Hayward, California, USA) following the manufacturer's instructions. An additional step for stopping the Proteinase K proteolysis was included by washing the sections with 2 mg/mL glycine in 1 × PBS RNase-free buffer for 1 min. Sections were observed with a light microscope.
Statistics -All statistical analyses were carried out using the program SigmaStat 3.5 (Systat, Point Richmond, California, USA). Differences due to the effects of treatments were analyzed using a one-way ANOVA followed by a Tukey's test. Data are presented as means ± SE. Differences were considered signifi cantly different at P ≤ 0.05.
RESULTS
Differences in morphology and wood anatomy in response to experimental treatments are summarized in Table 1 . High N plants produced thicker stems and more leaf area (as well as larger leaves) than controls and drought-stressed plants; controls were intermediate. High N plants also had the widest vessels; vessel diameters were intermediate in controls and smallest in drought plants. Vessel diameters were negatively correlated with vessel density. Moreover, in drought plants, lignifi cation was observed in closer proximity to the cambial zone than in controls and high N plants (online Appendix S3). The contrasting growing conditions not only affected cambial activity and wood anatomy, but also resulted in treatment-specifi c differences in the distribution of AQP mRNA (online Appendix S4).
In drought plants, all three AQP s were highly expressed in the cambial region and in phloem ( Fig. 1A-C, E ) . Expression of TIP2;1 in the bark extended from the cambium to the periderm ( Fig. 1F ) ; the PIP2 s showed similar expression patterns in the bark. In the xylem, transcripts of all three AQP s were detected in developing vessel elements and fi bers in the expansion zone as well as in living fi bers in the zone of secondary wall formation ( Fig. 1E ) . A hallmark of AQP expression in drought plants was relatively homogeneous labeling of contact and isolation cells in rays ( Fig. 1 ; online Appendix S4). Strong expression was also detected at the interface between xylem rays and parenchyma cells in the pith. Sense controls of the three genes did not show a signal ( Fig. 1G-I ).
in AQP expression. Of the 11 genes that were examined, fi ve PIP2 s and two TIP s showed higher transcript abundance in stem xylem of high N plants. However, in this study RNA was collected from the bulk xylem; a cellular-level localization of transcripts was not performed.
The main objectives of this present study were (1) to visualize the tissue-and cell-specifi c expression of three AQP s previously found to be expressed in the secondary xylem of hybrid poplar ( Hacke et al., 2010 ) and (2) to determine if and how transcript localization varies in response to experimental treatments. We reasoned that if particular AQPs are involved in wood development, they will exhibit strong localized expression in the cambial region, and transcript localization patterns will differ in response to environmental conditions that affect cambial activity.
Besides N, water availability is also known to affect wood cell development in poplar stems. Drought-stressed poplars had narrower vessels in early summer and had fewer enlarging cambial cell derivatives in the wood-forming zone than well-watered control trees ( Arend and Fromm, 2007 ) . Hence, the effect of drought on vessel element expansion is opposite to the effect of high N availability.
In this present study, hybrid poplars were grown in a controlled environment under adequate N (control plants) vs. high N conditions (high N plants) and were well watered. A third set of plants received adequate N but was subjected to a controlled drought. We hypothesized that the fast growth of high N plants would be associated with strong labeling of the cambial region and that drought-stressed plants would exhibit a weaker signal in the cambial region. We also explored how AQP expression in ray cells responded to growing conditions.
MATERIALS AND METHODS
Plant material -Shoot cuttings of the clone Populus × 'Okanese' were provided from a single tree by Alberta-Pacifi c Forest Industries. 'Okanese' is a cross between Populus × 'Walker' and Populus × petrowskyana . 'Walker' is a cross between Populus deltoides and P . × petrowskyana ( Kalcsits et al., 2009 ) . Rooted cuttings were produced and grown in a greenhouse under semicontrolled conditions (22 ° /20 ° C day night, 18 h/6 h light/dark, 60% relative humidity). The soil consisted of peat moss, vermiculite, and Turface calcined clay. Plants received 2 g·L −1 NPK 15-30-15 fertilizer once weekly over 6 wk. Plants were then randomly assigned to three treatments. High N plants received 10 mmol/L NH 4 NO 3 in 0.5 × Hocking's solution ( Hocking, 1971 ) , while control and drought-stressed plants received 1 mmol/L NH 4 NO 3 in 0.5 × Hocking's solution. Plants were fertilized three times a week. High N and control plants were watered to fi eld capacity daily, while drought-stressed plants received 200 mL of fertilizer solution three times a week as the only source of water.
Plant growth measurements and tissue collection for microscopy -After 6 wk of treatments, the growth of six plants per treatment was measured, and tissues were sampled. Growth measurements included plant height, stem diameter (10 cm above soil surface) and the cumulative area of leaves between leaf plastochron index (LPI; Larson and Isebrands, 1971 ) 7 to 9. Leaf area was measured using a LI-3100 leaf area meter (Li-Cor, Lincoln, Nebraska, USA). Tissue samples were taken from stem segments that had developed secondary growth (located between LPI 18 and 19), and secondary leaf veins from young leaves (LPI 4). Samples were immediately submerged in FAA (10% formaldehyde, 5% glacial acetic acid, and 50% ethanol), recut in the laboratory, and fi xed overnight in FAA solution at 4 ° C. Samples were dehydrated and embedded in paraffi n as described previously ( Brewer et al., 2006 ) . Vessel density, vessel diameter, and histochemical staining -Cross sections (10 µm) of stems were cut with a microtome and prepared for microscopy. After dewaxing in Histochoice (Sigma, St. Louis, Missouri, USA) and sequential rehydration, sections were rinsed with phosphate-buffered saline (PBS) and exposed to phloroglucinol-HCl solution (1 g phloroglucinol, 2.7 N HCl, and and xylem. Transcripts of all three AQP s occurred in living fi bers located in older xylem with mature (and thus functional) vessels, resulting in a broad band of expression in fi bers adjacent to the cambial region ( Fig. 2A-C ) . DAPI staining confi rmed the presence of nuclei in living fi bers in this region of the xylem (online Appendix S5). High N plants also exhibited strong expression of all three genes in contact cells ( Fig. 2D-F ) and in regions where rays connected with the pith ( Fig. 2D ) .
Expression in the cambial region of the control plants was similar to the expression in the drought plants. However, compared with drought-stressed plants, control plants tended to show weaker labeling in rays and in the phloem (Appendix S4; images not shown).
The fast growth and increased cambial activity exhibited by high N plants was associated with strong expression of all three genes in the cambial region and in developing phloem Notes: Variables shown are plant height (height), stem diameter ( D stem ) measured 10 cm above pots, leaf area ( A L ) measured between leaf plastochron index 7-9, mean vessel diameter ( D v ), and mean vessel density (VD). Different letters indicate signifi cant differences ( P < 0.01). which necessarily involves the crossing of cell membranes. Nonetheless, relatively consistent AQP expression in isolation cells of drought-stressed plants suggests that AQPs may modulate water movement in xylem rays under certain conditions.
A specifi c role of water channels in contact cells could be to contribute to the refi lling of embolized vessels ( Sakr et al., 2003 ; Secchi and Zwieniecki, 2010 ) . AQPs in contact cells could also facilitate the uptake of water from functional vessels. Water taken up by ray cells may be transported to the cambial region in which all three genes were prominently expressed.
Expression in isolation cells was heterogeneous, as shown for TIP2;1 in Fig. 2F .
A strong signal was consistently observed in the bark ( Fig. 3A ) ; phloem companion cells showed particularly strong labeling ( Fig. 3B , arrowheads) . In striking contrast, no expression was detected in sieve tube members. The absence of transcripts in these cells is consistent with their lack of a nucleus.
DISCUSSION
In situ hybridization is a powerful technique for studying gene expression in specifi c cells and tissues. It complements standard quantitative techniques such as real-time PCR, which allow the detection of altered gene expression but provide no information about cellular localization of transcripts. Such information is often required to generate or test hypotheses about gene function. In this brief communication, we provide information about the localization of mRNA coding for three AQPs in woody stems.
The AQPs studied here were expressed in a symplastic continuum extending from the periderm to the pith. This pattern suggests that AQPs may play an integral role in the radial transport of water in stems. Most PIP2s and TIPs have been identifi ed as functional water transporters ( Gomes et al., 2009 ; Secchi et al., 2009 ; Almeida-Rodriguez et al., 2010 ) . The fact that expression was particularly high in contact cells ( Fig. 2F ) suggests that AQPs in these cells increase water exchange between apoplast and symplast. Since isolation cells are connected via plasmodesmata ( Sauter and Kloth, 1986 ; Chaffey and Barlow, 2001 ) , water movement between ray cells may be less dependent on AQPs than water exchange between vessels and contact cells, It has been hypothesized that AQPs localizing to the cambium promote cambial activity and secondary growth ( Hacke et al., 2010 ) . AQPs generally appear to be abundant in zones of cell division and elongation in root tips, leaves, and reproductive organs ( Chaumont et al., 1998 ; Tyerman et al., 2002 ) . Prominent expression of AQPs in the cambium has rarely been reported, even though transcripts and protein of individual AQP s (including PIP2;3 and TIP2;1 ) have been detected in the cambial region of poplar ( Schrader et al., 2004 ; Berta et al., 2010 ; Nilsson et al., 2010 ; Song et al., 2011 ; Plavcová et al., in press ). The expression of AQPs in fi bers that remain alive until they are quite far away from the cambium ( Fig. 2A-C ; online Appendix S5) is consistent with a recent study ( Bollhoner et al., 2012 ) that showed that fi bers disintegrate cellular contents at a slower pace than vessels.
Strong expression was also observed in the phloem, particularly in companion cells. In leaves where companion cells may contribute to phloem loading, high AQP expression in these cells likely facilitates water uptake by sieve tube-companion cell complexes ( Hachez et al., 2008 ) . In stems, phloem un loading will be required to support secondary growth. Moreover, besides its role in sugar transport, phloem may also serve as a water reserve for the transpiration stream ( Sevanto et al., 2011 ) . We observed strong expression of water channels in companion cells of the drought-stressed plants, which may be indicative of water exit from sieve tube-companion cell complexes and may contribute to hydraulic coupling between phloem and xylem. In situ hybridization experiments on secondary leaf veins (online Appendix S6) also revealed a broad band of expression in the phloem of drought-stressed leaves.
Besides expression in phloem and bark parenchyma, AQPs were enriched at the interface between xylem rays and pith parenchyma. In young stems, the pith may also represent an important reservoir for water, and AQPs may contribute to the hydraulic coupling of pith and xylem.
In conclusion, we used in situ hybridization to locate AQP mRNA in stems of hybrid poplar. The three genes included in this study showed similar expression patterns. Strong expression occurred in various regions of cross sections, including the cambial region, phloem, and rays. Expression patterns varied depending on experimental treatments. Our fi ndings complement recent studies on changes in radial conductance between the xylem and the phloem ( Sevanto et al., 2011 ; Steppe et al., 2012 ) , support models of embolism repair that involve xylemphloem interactions ( Zwieniecki and Holbrook, 2009 ; Nardini et al., 2011 ) , and demonstrate that water channels in stems are expressed in a manner that allows hydraulic coupling between xylem and other tissues that may serve as water reservoirs, i.e., bark parenchyma, phloem, and pith parenchyma. Functional experimentation is required to evaluate whether high AQP transcript levels in the cambial region help sustain high rates of cell division and cell expansion. 
